Background: A number of families have been described which include multiple members with symptomatic, endoscopic, or complicated gastro-oesophageal reflux disease (GORD). First degree relatives of patients with GORD are more likely to suffer with GORD symptoms. These observations raise the possibility of a genetic contribution to the aetiology of GORD. Aims: To determine the relative contribution of genetic factors to GORD by evaluating GORD symptoms in monozygotic (MZ) and dizygotic (DZ) twins. Methods: A total of 4480 unselected twin pairs, identified from a national volunteer twin register, were asked to complete a validated symptom questionnaire. GORD was defined as symptoms of heartburn or acid regurgitation at least weekly during the past year. Results: Replies were obtained from 5032 subjects (56% response rate). A total of 1960 twin pairs were evaluable: 928 MZ pairs (86 male pairs, mean (SD) age 52 (13) (range 19-81) years) and 1032 DZ pairs (71 male pairs, mean age 52 (13) (20-82) years). The prevalence of GORD among both groups of twins was 18%. Casewise concordance rates were significantly higher for MZ than DZ twins (42% v 26%; p<0.001). Multifactorial liability threshold modelling suggests that additive genetic effects combined with unique environmental factors provide the best model for GORD. Heritability estimates suggest that 43% (95% confidence interval 32-55%) of the variance in liability to GORD is due to additive genetic factors. Conclusions: There is a substantial genetic contribution to the aetiology of GORD.
G astro-oesophageal reflux disease (GORD) is one of the most common disorders in the Western world. Community surveys suggest that 14-20% of the population report heartburn or acid regurgitation on a weekly basis. 1 2 Frequent GORD symptoms are a major risk factor for oesophageal adenocarcinoma, 3 the incidence of which has been rising more rapidly than any other cancer in the last three decades. 4 Despite progress in understanding the pathophysiology of GORD, its aetiology is largely unknown.
Two lines of evidence suggest familial factors may be important. Firstly, a number of reports describe multiple family members with symptomatic or endoscopic GORD, Barrett's oesophagus, and oesophageal adenocarcinoma. 5 6 Secondly, there is evidence of aggregation of GORD symptoms within families of patients with GORD, 7 8 which may indicate either shared exposure to environmental influences or a genetic predisposition. Furthermore, there are marked sex and ethnic differences in the incidence of Barrett's oesophagus and oesophageal adenocarcinoma, suggesting a significant genetic contribution to their aetiology. 4 Studies of monozygotic (MZ) and dizygotic (DZ) twins may give useful insights into the relative contributions of environmental and genetic factors to a disease. A recent study of GORD symptoms in a group of Swedish twins has suggested that there is a significant genetic contribution to the aetiology of GORD symptoms. 9 We have therefore studied GORD symptoms in MZ and DZ twins.
METHODS Subjects
All 4480 pairs of twins from the St Thomas' Adult UK Twin Registry 10 were invited to take part in the study. All are healthy volunteers who were originally recruited through a national media campaign and from twin registers. 11 The zygosity of the twins was established using a standardised questionnaire and genotyping in cases of uncertainty. 12 
Questionnaire
Each subject was sent a 25 item questionnaire. The questionnaire recorded demographic details, symptoms of heartburn and acid regurgitation during the past year, and potential risk factors for GORD (alcohol, body mass index (BMI), drug therapy (anticholinergics, benzodiazepines, calcium antagonists, nitrates, oral contraceptives, and hormone replacement therapy), parental family history of upper gastrointestinal disease, handedness, and smoking). The questionnaire has been validated in 50 community subjects. It has good validity for a diagnosis of GORD (based on at least weekly symptoms of heartburn or acid regurgitation) compared with an interview (kappa 0.72) and moderate reliability on re-test four weeks later in 30 of the subjects who responded to a second questionnaire by post (kappa 0.50).
Twin studies An individual's phenotype is the result of the effects of both genotype and environment. To study the source of individual differences (that is, the variance) in a phenotype, genetically related subjects are required and twins are just such a group. MZ twins have the same genes and DZ twins share, on average, 50% of their segregating genes. It is assumed that both types of twins have been exposed to the same family or shared environment 13 and that therefore any greater similarity between MZ than DZ twins is due to genetic influences. the previous year. Subjects who had been pregnant during the previous year and who had GORD symptoms only while pregnant were not considered to have GORD.
Analysis
Concordance is a measure of the proportion of co-twins of affected twins that have the disorder themselves. Pairwise concordance is the probability that a twin is affected by a disorder given that at least one member of the pair is affected. It is calculated from the formula c/c+d (where c is the number of concordant cases and d discordant cases).
14 Casewise concordance is the probability that a twin is affected given that the co-twin is affected. It is calculated from the formula 2c/2c+d. 14 The risk ratio expresses the relative magnitude of the risk of GORD in a MZ twin compared with a DZ twin, if their co-twin has GORD.
Genetic modelling
Quantitative genetic model fitting is based on comparison of the covariance (or correlation) of the disorder between MZ and DZ twins. 15 16 It allows separation of the observed phenotypic variance into additive A (multiple small genetic effects) and dominant D genetic components, and environmental components shared by both twins C and unique to each twin E. The heritability estimate is the proportion of variation in liability to a disorder in a population that can be explained by genetic variance. Heritability is calculated from the ratio of genetic variance (A+D) to total phenotypic variance (A+D+C+E).
The maximum likelihood modelling method used in twin study analysis assumes that variation in the underlying liability of the disorder is normally distributed. 15 The correlation in liability among twins can be estimated from the frequencies of GORD concordant and GORD discordant pairs using a multifactorial liability threshold model. 15 17 18 Thus the significance of the variance components A, C, and D is assessed by removing each in submodels and testing the deterioration in fit compared with the full model. The purpose of the model fitting procedure is to explain the pattern of observed variances and covariances using as few parameters as possible.
Statistical analysis
Demographic differences between MZ and DZ twins were compared using generalised estimating equations, which cor rect for relatedness of the twins in a pair. The difference in concordance rates between MZ and DZ twins was compared using the χ 2 test. Logistic regression analysis was used to assess the independent contribution of variables (age, alcohol, BMI, drug therapy, sex, handedness, parental family history of upper gastrointestinal disease, and smoking) to GORD. In genetic modelling, submodels were compared with the full model by hierarchic χ 2 tests and the significance of change in the χ 2 goodness of fit statistic was assessed. Data handling, preliminary analyses, and genetic modelling were performed using STATA. 19 
RESULTS
The questionnaire was completed by 5032 subjects (56% response rate). A total of 1960 twin pairs were evaluable: 928 MZ pairs and 1032 DZ pairs. Demographic details of the two groups are shown in table 1. The two groups were well matched for age, drug therapy, excess alcohol, parental family history of upper gastrointestinal disease, and handedness but DZ twins had a higher BMI, were more likely to have smoked, and to be female. Non-responders were more likely to be male (male 23% v 8%) and younger (mean age 43 (range 18-80) years v 52 (19-81) years). However, the distribution of MZ and DZ twins was virtually identical (MZ 49% v 47%).
Thirty six twins had suffered GORD symptoms only during pregnancy and were excluded from the study. The prevalence of GORD was identical in both groups of twins (18%).
The concordance rates for GORD in MZ and DZ twins are shown in table 2. Pairwise concordance rates were significantly higher in MZ than DZ twins (27% v 15%; p=0.001). Casewise concordance rates were also significantly higher in MZ than DZ twins (42% v 26%; p<0.001). The risk ratio of 1.6 suggests that MZ co-twins are one and a half times more likely to suffer from GORD if their co-twin has GORD compared with DZ co-twins.
The results of logistic regression analysis for risk factors for GORD expressed as odds ratios are shown in table 3. Increasing age and BMI were independently associated with GORD. Anticholinergic drug therapy, a history of smoking, and a parental family history of upper gastrointestinal disease were also positively associated with GORD. Oral contraceptive or hormone replacement therapy was negatively associated with GORD. Excess alcohol intake, sex, handedness, and other drug treatments were not independent predictors. The results of genetic modelling analysis are shown in table 4. Model fitting revealed that the effects of the shared environment of the twins (C) and the dominant genetic effect (D) could be dropped from the model without significantly worsening the χ 2 goodness of fit statistic. However, additive genetic effects (A) could not be eliminated. A model containing only parameters for additive genetic factors (A) and the unique environment of the twins (E) best explained the variance in liability to GORD within this population.
Heritability for GORD was estimated to be 50% (95% confidence interval 39-61%). Thus approximately half of the variance in liability to GORD is due to genetic factors.
The results of adjusting the model for potential confounding factors are shown in table 5. Age and BMI were the only confounders that significantly affected the estimate of genetic variation. Following adjustment for age and BMI, the proportion of phenotypic variance accounted for by genetic factors was reduced from 50% to 43%.
The results were unchanged when male twins were dropped from the analysis, although there were too few data for a male only analysis.
DISCUSSION
Despite a wealth of literature detailing the pathophysiology of GORD, few studies have explored its underlying causes. However, a number of clinical associations have been reported. Obesity, for example, has been found to be an independent predictor of GORD symptoms in community based surveys. 20 21 Smoking also appears to be associated with GORD symptoms but no consistent link with alcohol consumption has been found. [20] [21] [22] Several prescription drugs decrease lower oesophageal sphincter (LOS) pressure and may potentially exacerbate or precipitate GORD. 23 Data on the effect of increasing age is conflicting while sex is not believed to be an important factor. [20] [21] [22] Two lines of evidence suggest the importance of familial factors in the aetiology of GORD. Firstly, a number of reports describe families with multiple members affected by symptomatic, endoscopic, or complicated GORD. 5 6 Secondly, two case control studies have revealed aggregation of GORD symptoms in the families of patients with GORD. 7 8 However, these studies were unable to examine the relative contributions of genetic and shared environmental influences to familial aggregation of GORD.
In the present study, we have shown that MZ twins are more likely to be concordant for GORD symptoms than DZ twins. As genetic factors are more likely to affect both of a pair of MZ twins than both of a pair of DZ twins, the increased concordance among MZ twins implies a significant genetic contribution to the aetiology of GORD. Genetic modelling suggests that half of the variation in liability to GORD relates to genetic factors. The combination of additive genetic factors and environmental influences unique to the individual provided the best model to explain the variation in GORD among the population studied. The unique environmental influences associated with GORD in the study population included the expected risk factors of age, BMI, and smoking. Anticholinergic drug therapy was also associated with GORD. Unexpectedly, GORD was less common in subjects taking oral contraceptive or hormone replacement therapy. Adjustment for confounding influences revealed that age and BMI made minor contributions to the heritability of GORD. As BMI is itself predominantly under genetic influence, the adjusted estimates will exclude genetic influences potentially shared between GORD and obesity. It is interesting to speculate how a genetic predisposition to GORD is expressed. A number of factors contribute to the pathophysiology of GORD. Hiatus hernia impairs the barrier to reflux at the gastro-oesophageal junction 24 and delays the clearance of refluxed acid from the oesophagus. 25 Inherited congenital hiatus hernia has been reported in a family in which the father and all three children presented with GORD in the neonatal period. 26 However, oesophageal shortening has been demonstrated in animal experiments in response to acid, and hiatus hernia may therefore be the result of chronic gastro-oesophageal reflux rather than an underlying cause. 27 Reduced LOS pressure is a common finding in patients with GORD, 28 weakening the barrier to reflux during, for example, increases in intra-abdominal pressure. Ineffective oesophageal body peristalsis is also found in many patients with GORD 29 and delays clearance of refluxed acid. Five members of a family with autosomal dominant inheritance of endoscopic oesophagitis underwent oesophageal manometry; all had reduced LOS pressure and two impaired peristalsis. 30 However, in animals, reduced LOS pressure and impaired peristalsis can be caused by gastro-oesophageal reflux. 31 The majority of episodes of acid reflux occur during transient LOS relaxation (TLOSR). 32 However, TLOSR occur as frequently in asymptomatic subjects as in patients with GORD 33 and differences in TLOSR frequency are unlikely to be the mechanism of the genetic predisposition to GORD. Finally, abnormalities of gastric function may be important. Reduced postprandial proximal gastric tone and delayed emptying of both solids and liquids from the proximal stomach have been described in patients with GORD. 34 These changes permit the retention of acidic chyme in the fundus and cardia thereby facilitating acid reflux should barrier pressure fall.
Although the data from this study are consistent with multiple gene effects contributing to GORD, a number of case reports describe an autosomal dominant pattern of inheritance of GORD. 5 6 Furthermore, an association between a locus on chromosome 13q14 and paediatric GORD in five families with an autosomal dominant inheritance of this condition has been reported. 35 However, a subsequent linkage study in six families with infant GORD and autosomal dominant inheritance has not found an association with this locus, suggesting that there is genetic heterogeneity in the inheritance of GORD. 36 Cameron et al have recently examined the prevalence of GORD symptoms in a study of 8411 twin pairs over the age of 55 years in Sweden. 9 Casewise concordance for GORD was 31% among female MZ twins, significantly higher than female DZ twins (21%), confirming the significance of genetic factors in the aetiology of GORD. Heritability accounted for only 30% of the liability to GORD in this study. Differences in methodology (telephone survey versus questionnaire) and in confounding factors among the populations studied (including age and nationality) may account for the differing heritability estimates.
Non-responders in this study were more likely to be younger and male. However, neither of these factors influences the prevalence of GORD symptoms. 2 The prevalence of GORD symptoms in the study population was very similar to that reported in community surveys. 1 2 Finally, the twins were asked for information on a number of different subjects and were unaware of the hypothesis being tested. Response bias is therefore unlikely to have affected the results of this study.
It is important to appreciate that the results of a study in twins may not be generalisable to singletons. However, the prevalence of a number of common medical conditions and lifestyle characteristics among twins from the St Thomas' Adult UK Twin Registry has been found to be very similar to a population drawn from general practice. 37 Our study cannot be directly generalised to males as the twin population examined was largely female. The twin population has a female bias for historical reasons, as the rheumatological conditions initially examined are more common in women. However, Cameron et al found no difference in the concordance rates for female and male twins. 9 The results are therefore unlikely to be sex specific.
In conclusion, in the present study we have shown that MZ twins are more likely to be concordant for GORD symptoms than DZ twins. The results indicate a substantial genetic contribution to the aetiology of GORD. Genetic modelling suggests that almost half of the variation in liability to GORD is due to multiple small genetic effects, which should stimulate the search for the genes responsible and potential targets for new therapies for GORD.
